Ceramics composites are suitable as the materials for a micro electro mechanical system (MEMS) parts in terms of its mechanical and physical properties. We apply the PM process in combination with mechanical alloying (MA) and Spark Plasma Sintering (SPS) to produce micro-parts using a ceramic composite, TiC/Ti 5 Si 3 . Powders of elements Ti and SiC whose composition is Ti-20 mass%SiC are blended for MA. After the alloying, the MA powder whose average particle size is 20$30 mm, has amorphous-like structures. Results of compression-tests and TEM observations indicate the occurrence of unusual high-temperature deformation behaviors such as low flow stress at the lower deformation temperature. The deformation is attributed to a pseudo-superplasticity in which the phase transition of metastable microstructure occurs during the deformation. The pseudo-superplasticity observed in the SPS compact improves the formability in fabrication of the microparts. The MA powder is filled into a micro-size mold produced by LIGA process, and casts together by SPS in order to fabricate a new microparts using TiC/Ti 5 Si 3 . Optimization of the pseudo-superplasticity enables the fabrication of the micro-parts using TiC/Ti 5 Si 3 .
Introduction
Recently, ceramics and polymer are being mainly used as materials for the formation of micro-size machining parts or devices (called micro-parts) in the micro electro mechanical system (MEMS) field. 1) One of the reasons is that a lot of processing techniques (wet-and dry-etching, etc.) have been developed for ceramics, and processing and handling during fabrication is easy for polymers. In contrast to this, the demand of a metallic material for the production of microparts is increasing because metallic materials possess excellent mechanical properties related to intensity, heat, abrasion resistance, and so on. Applications of metallic materials to the micro-parts lead to the exploration of a new possibility in the MEMS field. However, there are only a few methods to fabricate the metallic micro-parts at present such as sputtering, electro-forming, and so on.
On the other hand, one of the authors proposed a nonequilibrium powder metallurgy (PM) process, which enables the fabrication of a near net-shape product using TiC and TiN/Silicide ceramic composites. [2] [3] [4] The non-equilibrium PM process in combination with mechanical alloying (MA) 5) and sintering, such as hot pressing (HP) or spark plasma sintering (SPS), enables the production of metallic or ceramic parts under sintering conditions of low temperature and low pressure. In this process, a unique high-temperature deformation behavior, which is referred to as ''pseudo-superplasticity,'' is utilized for the production of the micro-parts. This pseudo-superplasticity indicates an extremely low stress due to the grain boundary sliding and/or stress relaxation under some specific conditions of temperatures and strain rates. An occurrence of pseudo-superplasticity is encountered in the initial microstructure of the MA powder that is in a non-equilibrium state. The concept of this non-equilibrium PM process is shown in Fig. 1 . The MA powder was sintered at elevated temperatures and formed metal/ceramics or ceramics composites. The structure of the MA powder is amorphous; [2] [3] [4] therefore, new phases and nano-grains nucleate during the sintering process. The composites of the MA powder retained an equiaxial nano-grained structure in which the microstructure changed simultaneously during the sintering. This indicated an extremely low stress deformation.
The present study is aimed at fabrication of the micro-parts using TiC/Ti 5 Si 3 metal/ceramic composites. In general, TiC/Ti 5 Si 3 has high heat-resistant property; however, its processing and machining are difficult. Therefore, the nonequilibrium PM process as well as pseudo-superplasticity are effective in the production of the micro-parts. In this paper, the microstructure and high-temperature deformation behavior during the formation of the TiC/Ti 5 Si 3 compact are examined. Subsequently, fabrication of the micro-parts using a micro-mold produced by the Lithographie-Galvanoformung-Abformung (LIGA) process 6) is attempted.
Experimental Procedure
The starting materials were commercially pure Ti (average particle size: 45 mm) and SiC (9.4 mm) powders. They were mixed in Ti-20 mass% SiC, and mechanically alloyed using a planetary ball mill with a rotating speed of 250 rpm for 360 ks with a SKD11 vial and SUJ2 balls under an Ar gas atmosphere. The powder to ball weight ratio was 1:7.2, and 1.0 mass% of n-Heptane was added as a process control agent. The balls and the internal surface of the vial were coated with Ti by milling with pure Ti powder prior to the mechanical alloying, in order to prevent contamination by other elements. The temperature of the vial during milling was kept below approximately 313 K by the use of cooling fans.
The SPS was applied to the MA powders for pre-sintering.
The SPS uses a spark plasma created by a pulse D.C. current during heating material powders, and is able to cast the material powders at lower temperatures with shorter holding time than hot pressing. The SPS was carried out at 773 K for 3.6 ks under a pressure of 50 MPa and at a heating rate of 1.7 Ks À1 , followed by furnace cooling. A vacuum hot press (VHP) was carried out at 753 K for 10.8 ks under a pressure of 200 MPa and at a heating rate of 0.5 Ks À1 , followed by furnace cooling. The SPS and VHP compacts were cut into columns of 3 mm Â 4 mm. These compacts were compression-tested at 773 K, 973 K, and 1073 K, and at the initial strain rates of 2:1 Â 10 À4 s À1 , 4:2 Â 10 À4 s À1 , and 8:4 Â 10 À4 s À1 . The specimen was heated up to the testing temperature at a heating rate of 0.33 Ks À1 , and immediately loaded when the temperature of the specimen reached the testing temperature. The MA powders and the compacts were examined by X-ray diffraction (XRD), Scanning electron microscopy (SEM), and Transmission electron microscopy/ Energy dispersive spectroscopy (TEM/EDS).
Results and Discussions

Characterization of mechanically alloyed powder
The microstructure change during milling was examined by an XRD analysis of the MA powders. Figure 2 shows XRD patterns of the powder mechanically alloyed for 0$360 ks. Substantial broadening of the XRD peaks of the original specimen occurred with the progress in powder milling. The broadening of the peaks indicates that the MA powders have an amorphous-like structure and/or an ultrafine-grained structure. The SEM image revealed that the average particle size of the milled powders was approximately 20$30 mm in Fig. 3 Fig. 4 , the DSC result of the MA powder indicates that a large exothermic peak at 849 K appeared due to the crystallization of the remaining amorphous phase. On the basis of these results, the SPS was carried out at 773 K. The MA compact was expected to have a nearly amorphous structure at this temperature. Figures 5 and 6 show an XRD pattern and a TEM micrograph with a SADP of the SPS compact, respectively. The widely scattered XRD profile and the diffused-halo-ring pattern in the SADP indicate that the SPS compact retains an amorphous-like and ultra-fine-grained structure even after sintering, i.e., the SPS compact is in a non-equilibrium state. Fabrication of a TiC/Ti 5 Si 3 Nano-Grained Composite for Micro-Parts by Pseudo-Superplastic Deformation Figure 7 shows stress-strain curves of the compression-test for the SPS and VHP compacts under an initial strain rate of 4:2 Â 10 À4 s À1 at 773 K, 973 K, and 1073 K. The density of the compacts before the compression-test was 54.9% (as-SPS), and it increased to 83.2% at 973 K and 81.1% at 1073 K after the compression-test when " ¼ 0:3. Despite that the density of the SPS compact is not very different, it is noteworthy that the flow stress of the SPS compact indicates approximately two times larger value at 1073 K than that at 973 K after 30% compression. Stress-strain curves of the SPS compact with annealing at 1273 K for 7.2 ks before the compression-test and VHP compact that was prepared at 753 K for 10.8 ks, were also indicated in Fig. 7 . The SPS compacts tested at 973 K and 1073 K and the VHP compact could deform to the strain of " ¼ 0:3 without any fracture. The flow stresses of the annealed SPS compact and VHP compact were larger than those of the SPS compacts at both 973 K and 1073 K. The phenomenon that the flow stress is larger at 1073 K than at 973 K also appeared at the strain of " ¼ 0:3 under various initial strain rates, as shown in Fig. 8 . VHP compact indicated higher flow stress than the SPS compacts, and showed a marked dependency on the strain rate. The VHP compact had a non-equilibrium structure similar to the SPS compact, [2] [3] [4] however, its volume fraction was not as large as that of the SPS compact; this is because the processing time for VHP is much longer than that for SPS. Therefore, comparing the results for the compressiontest of the SPS and VHP compacts suggests a strong dependency of the initial microstructure of the compact on the flow stress. The microstructures after the compressiontests were examined using TEM. Figures 9(a) and (b) show the TEM micrographs of the compacts compressed at " ¼ 0:3 at the initial strain rate of 4:2 Â 10 À4 s À1 at 973 K and 1073 K, respectively. A TEM micrograph of the VHP compact deformed to 25% is also shown in Fig. 9(c) . All of the compacts consisted of an equiaxial-grained structure, although, the grain size of the SPS and the VHP compacts differed. The average grain-size was 28 nm in the 973-K deformed SPS compact, 16 nm in the 1073-K deformed SPS compact, and 140 nm in the VHP compact. None of the compacts show dislocation structures, and all have cleargrain boundaries.
Compression-test
Generally, a higher temperature in the compression-test makes the grain-size grow, improves density of the compact, and reduces flow stress. The compression-test results suggest that the grain-size is larger, the density of the compact is higher, and the flow stress is lower at 973 K than at 1073 K. These phenomena involve a change in the microstructure of the compact during the deformation. Figure 10 shows the XRD results of the SPS compacts annealed at 973 K and 1073 K for 240 s and 624 s. The holding time corresponds to the deformation periods at these temperatures; 240 s at " ¼ 0:1 and 624 s at " ¼ 0:3. A phase transition during annealing appeared at both tested temperatures. Comparing to the result of as-SPS compact, as shown in Fig. 5 , the SiC phase disappeared and Ti 5 Si 3 appeared as a new phase by annealing at both the tested temperatures. At only 973 K, TiSi existed as a pre-existing phase and remained until 240 s, then it disappeared by annealing. At 1073 K, the intensity of the Ti 5 Si 3 phase became strong by annealing. Figure 11 shows the XRD patterns of the MA powder at various temperatures without holding time. The constituent phases at temperatures higher than 1073 K were TiC and Ti 5 Si 3 , i.e., a (TiC + Ti 5 Si 3 ) ceramic composite can be obtained by annealing at temperatures higher than 1073 K. According to the results, the phase transition with progress of the process at 973 K and 1073 K is illustrated in Fig. 12 Fabrication of a TiC/Ti 5 Si 3 Nano-Grained Composite for Micro-Parts by Pseudo-Superplastic DeformationTiSi + TiC) structure was predominant at 973 K and " ¼ 0:1 deformation, while there was no TiSi at 1073 K. The twophase (TiC + Ti 5 Si 3 ) structure was the final structure at both 973 K and 1073 K; however, the volume fraction of TiC and Ti 5 Si 3 phases was found to be opposite. The volume fraction of these phases was roughly estimated as TiC:Ti 5 Si 3 = 2:3 at 973 K, and 3:2 at 1073 K from the XRD results. The XRD and compression-test results suggested that phase transitions during deformation at 973 K and 1073 K play a very important role in microstructure formation, and thus, in the deformation behavior. From the XRD results, the remarkable difference between the phase transitions at 973 K and 1073 K is the disappearance of TiSi phase, which is the pre-existing phase. During the deformation at 973 K, the extinction of TiSi and SiC phases encourage the grain growth of the TiC and Ti 5 Si 3 phases, and lead to larger grain-size. In contrast, during deformation at 1073 K, the TiSi and SiC phases disappeared during the early stage of the deformation, and the precipitation and increase of TiC and Ti 5 Si 3 phases prevented grain growth in these phases. The deformation of non-equilibrium compacts at 1073 K, hence, had a finer grain-size than that at 973 K. In addition, because the hardness in the TiC phase is more than that in other phases, the growth of the TiC phase increases the flow stress during the deformation. This is the reason due to which an inversion of the flow stress between 973 K and 1073 K occurred.
Such a high temperature deformation with simultaneous phase transition also achieves stress relaxation by nucleation and growth in addition to usual grain boundary sliding; a comparison of the compression-test between the SPS and VHP compacts supported this view; as the initial volume fraction of the non-equilibrium structure in the VHP compact was smaller than that of the SPS compact, the flow stress was very different. Generally, a superplastic deformation is distinguished by its microstructure with no dislocation, even after a large deformation. The microstructure of the compacts after the tests, as shown in Fig. 9 , also indicated this superplastic deformation characteristic. However, this is not an ideal superplastic deformation, because not only grain sliding but also stress relaxation by phase transitions contribute to the large deformation. Therefore, it can be expressed as a pseudo-superplastic deformation in this case.
Micro molding
The pseudo-superplasticity observed in the SPS compact improves the formability in fabrication of the micro-parts. According to the results mentioned earlier, we attempted to apply the MA powder to the micro-molding process. The results of the process are shown in Fig. 13 . The MA powder was sintered by SPS using a Ni mold produced by the LIGA process. The LIGA process can fabricate micro-parts with a high aspect ratio, because of the high directivity X-rays from the synchrotron radiation (SR) source. [6] [7] [8] An SEM image of the Ni mold corner is also shown in Fig. 13 . The Ni mold was formed by electroplating. It has sharp edges and a surface roughness of less than 1 mm, which was measured by the micro-indicator for surface roughness. The details of the LIGA process have been reported elsewhere (see ref. 9 for detail). The powder became a TiC/Ti 5 Si 3 ceramic composite after the SPS process finished. However, as shown in Figs. 13(a) and (c), the Ni mold was deformed and the interface between the mold and powder became wavy. This was caused by the stress exerted from powder particles as indicated by arrows in the figures, because the powder particles were harder than the Ni mold. In contrast, very few deformations were found in the Ni mold sintered at 973 K, as shown in Fig. 13(b) . This was presumably due to the pseudosuperplasticity as mentioned earlier.
Conclusions
The non-equilibrium powder metallurgy (PM) process, which enables the fabrication of a near net-shape product using TiC/Ti 5 Si 3 metal/ceramic composite, was examined in terms of microstructures and high temperature deformation behavior. The results are as follows: (1) Not only the MA powder but also the SPS compact consisted of an amorphous-like and an ultra-fine-grained structure. (2) Despite that the density of the SPS compact is not very different, the flow stress of the SPS compact indicates approximately two times larger value at 1073 K than that at 973 K after 30% compression. This was occurred because of its phase transition in the SPS compact during the deforming. Specially, the initial microstructure of the compact in the compression test influenced strongly to the pseudo-superplastic deformation.
(3) In the pseudo-superplastic deformation, a crystallization of TiSi phase and prevention of TiC phase contributed to decrease the deformation temperature as well as the deformation stress. (4) The pseudo-superplasty in the compression-test was sensitive more to the deformed temperature than the initial strain rate. Fabrication of a TiC/Ti 5 Si 3 Nano-Grained Composite for Micro-Parts by Pseudo-Superplastic Deformation 2557
